INTRODUCTION
Sequence-specific recognition of DNA by proteins is often achieved through conserved structural domains (i.e. helixtum-helix, zinc finger, leucine zipper and p-ribbon) that allow for hydrogen bonding between amino acid side chains and functional groups exposed in the major groove of the DNA helix (2) (3) (4) (5) (6) (7) (8) . Sequence-specific recognition of DNA via the minor groove appears to be less common. Of the proteins known to recognize minor groove features in DNA, most have a preference for A+T-rich DNA, but do not recognize a highly specific sequence of bases (9) (10) (11) (12) (13) . Many of these proteins appear to interact with the minor groove of A+T-rich DNA through relatively short (5-10 residue) peptides that are rich in glycine, arginine, lysine and proline (GRKP motifs). GRKP motifs were first described in the HMG-I/Y chromosomal protein (also known as a-protein), a relatively abundant mammalian protein that recognizes any sequence of six A • T base pairs in duplex DNA (13) . Synthetic peptides containing GRKP motifs have been shown to preferentially bind to A+T-rich DNA with equilibrium dissociation constants of lO^-lO" 7 M (11, 12) . It has been proposed that GRKP A+T binding peptides in HMG-I bear structural similarities to the A+T DNA binding drugs netropsin and distamycin A and have therefore been referred to as A • T-hooks (II). Minor groove binding GRKP motifs are found in many sequence-specific DNA binding proteins that also contain major groove binding structural motifs. For example, the homeodomain proteins (including antennapedia, engrailed, as well as the yeast MATa2) contain GRKP motifs in their N-termini. X-ray crystallographic studies have shown that these motifs interact with A+T base pairs in the minor groove (14) (15) (16) (17) (18) (19) . A large number of other sequence-specific DNA binding proteins contain GRKP motifs in addition to major groove binding domains. It is likely that GRKP motifs act in concert with a wide variety of major groove binding domains to generate high affinity and specificity protein-DNA interactions.
The DAT] gene of Saccharomyces cerevisiae encodes a protein, Dat 1 p, that was identified based on its ability to bind non-alternating oligo(A) • oligo(T) tracts (hereafter referred to as A • T DNA) in a highly sequence-specific manner (20) . Previous work has shown that the N-terminal 36 residues of Datip bind to A • T tracts with an equilibrium dissociation constant of 4 x 10~'° M and are thus sufficient for high affinity DNA recognition (1) . Within this sequence is a pentad motif, GRKPG, that is perfectly repeated three times. Mutations that change a single K or P pentad residue to A had no effect on DNA binding; however, mutations that result in single R->A or R->K substitutions within the pentad greatly reduced binding (1) . Any pairwise combination of pentad R substitutions completely eliminated binding activity of the doubly mutant Datip (1) . Based on these results as well as chemical interference assays (1) and competition studies using minor groove binding drugs (netropsin and distamycin A), it was proposed that the Dat 1 p pentad arginines interact in a cooperative manner with the minor groove of the A • T helix to achieve high affinity sequence-specific binding.
Non-alternating A • T tracts are common intergenic elements in many organisms. In yeast uninterrupted A • T tracts 10 base pairs (bp) or longer are found on average once every 5 kb, and are found in promoter regions of 25% of yeast genes (defined for statistical purposes as 500 bp upstream of the initiator ATG) (21) . A-T tracts adopt a unique DNA structure. X-ray diffraction studies of oligonucleotide duplexes containing A-T tracts shows that this structure is characterized by a short helical repeat, a narrow minor groove, a high degree of propeller twist, and a system of bifurcated hydrogen bonds (22) (23) (24) . This unique structure results in a rigid duplex with a number of unusual physical properties: runs of ~5 bp of the homopolymer phased every helical repeat cause an overall bend in the DNA helix (22) , A • T tracts have a melting temperature that is 10°C higher than alternating (AT)-(AT) tracts (23) , and long tracts (>20 bp) disfavor nucleosome formation (25) .
In yeast, A • T tracts have been shown to promote transcription (26, 27) . A number of differences between the transcriptional activating properties of A • T tracts and other c/s-acting transcriptional elements indicate that A • T tracts exert their effects through their unique physical properties and not through A-T-specific transcription factors. Iyer and Struhl have shown that A • T tract transcriptional potency is length dependent in a linear nonthreshold dependent fashion, and that A • T tracts increase occupancy of nearby transcription factor binding sites (27) . These and other observations have led to the proposal that A • T tracts promote transcription through a unique DNA structure and possibly through a mechanism that involves destabilization of nucleosomes and concomitant increase in the accessibility of promoters to transcription factors. Promoters containing A-T tracts are expressed at 1.5-2.5-fold higher levels in dat 1 strains than in coisogenic wild-type strains, and 2(i-high copy 0-47/ plasmids repress the expression of promoters containing A • T tracts 2-3-fold over wild type (20, 27 , our unpublished results). These results show that Dat 1 p can repress A • T promoter activity. One possibility is that Datlp binding may repress A-T specific promoter activity by altering the chromatin structure of A-T tracts.
In this report, we describe a rapid purification scheme for the DNA binding domain of Datlp based primarily on its solubility properties. This purified material was used to show that the Datlp DNA binding domain can bind to A • T DNA as a monomer and to precisely define the DNA sequences that interact with Datlp. These results show that the recognition site for Dat 1 p is any 11 bp sequence in which 10 bases conform to an uninterrupted oligo{A) • oligo(T) tract. Additionally, we show that the presence of A • T minor groove functional groups are not sufficient for specific interaction with Datlp. These observations are discussed with respect to a possible model for the Datlp-A-T DNA interaction.
MATERIALS AND METHODS

Expression and purification of D-90
Escherichia coli (E.coli) strain JM101 harboring the plasmid pD90 (1) that encodes the first 90 residues of Dat 1 p (D-90) under the control of the isopropyl (3-D-thiogalactoside (IPTG) inducible pKK233 promoter (20) was grown to an OD^ of 0.5, IPTG added to 1 mM, and the cells incubated for an additional 1.5 h before being pelleted by centrifugation. Cell lysates were prepared using the Triton/lysozyme method as previously described (20) . D-90 was purified from the crude lysate using two different methods. Method 1 is identical to that previously described for the purification of Datlp from yeast (1, 20) . In method 2, cell lysates were heated in a boiling water bath for 10 min and subsequently cooled in an ice water bath. The heat-treated lysate was centrifuged to remove the flocculant precipitate, and the supernatant decanted (fraction II, Table 1 ). All centrifugation steps were at 10 000 g for 10 min at 4°C. Solid ammonium sulfate was slowly added to the collected supernatant with stirring at 4°C to a final concentration of 45% saturation, incubated from 1 h to overnight at 4°C, and the supernatant recovered after centrifugation. To this supernatant, solid ammonium sulfate was added to a final concentration of 75% saturation, incubated from 1 h to overnight at 4°C and the D-90 containing precipitate (fraction IV) recovered by centrifugation. The precipitate was dissolved in 20 mM Tris-HCl, pH 8.0, and incubated with a 0.1 vol DEAE resin equilibrated in the same buffer in order to remove RNA. The unbound fraction was collected by pouring the slurry through a glass fritted funnel and washed with 1 vol column buffer. The material was loaded onto a Pharmacia FPLC Mono-S column, and developed using a 0-1 M NaCI linear 47 ml gradient (I ml fractions were collected). D-90 eluted between 0.45 and 0.55 M NaCI. In our hands, fraction IV is relatively stable and suitable for most binding studies, behaving indistinguishably from the highly purified preparations. 
DNA binding assay
A-T DNA binding activity was assayed using the band-shift procedure as previously described (20) . DNA probe-1, a 138 bpAlul restriction endonuclease fragment of pLP-119 (28) containing a 19bp A-T tract, was radiolabeled with 32 P to roughly 2 x 10 8 dpm/(ig using T4 kinase. Oligonucleotide duplexes for Datlp binding studies consisted of the sequences; 5'-CGC[A]9_i3GCG-3' and 5'-CGC[T]9_i3GCG-3'. Double-stranded oligonucleotide DNA probes were prepared by radiolabeling each of the complementary oligonucleotides using T4 kinase to ~1 x 10" dpm/|ig before mixing equimolar concentrations in 10 mM Tris-HCl, pH 7.0, 100 mM NaCl, and 1 mM EDTA, heating to 90°C and slow cooling the mixture to room temperature.
Datlp mixing/denaturation/renaturation experiments
Mono S-purified derivatives of Datlp were mixed, subjected to heat or chemical denaturation/renaturation, and assayed for DNA binding as described above. Heat denaturation/renaturation consisted of mixing Datlp derivatives in 20 uJ of binding buffer (10 mM Tris-HCl, pH 7.5, 70 mM NaCl, 1 mM EDTA, 2% sucrose, 0.1% Triton X-100, and 10 mM 2-mercaptoethanol), boiling 2 min in a water bath followed by cooling to room temperature. Chemical denaturation/renaturation consisted of combining the Datlp derivatives in 6 M guanidine HC1 for 30 min, diluting 1:14 with water, and diluting a second time 1:10 in binding buffer before being assayed for DNA binding as described above.
Purification of yeast chromosomal Datlp binding sites
Yeast genomic DNA digested to completion with SaiiiM was incubated at 5 mg/ml with 1 mg/ml D-90, purified by method 2, for 30 min in 1 ml of buffer A (10 mM Tris-HCl, pH 7.5,80 mM NaCl, and 1 mM EDTA). The binding reactions were supplemented with 1 ng/ml of 32 P radiolabeled DNA probe-1 to monitor the recovery of Dat 1 p binding sites. Total rabbit antisera raised against a synthetic peptide corresponding to Datlp residues 42-61 (1) was then added to a final dilution of 1:100 and incubated for 30 min before 0.1 vol protein A-sepharose was added and incubated for an additional 30 min. All incubations were at 4°C. The protein A-sepharose beads were pelleted by a brief centrifugation, the supernatant was removed, and the beads were washed three times in buffer A. Bound DNA was eluted with 1 M NaCl in buffer A, and precipitated by the addition of 2 vol ethanol using yeast tRNA as a carrier. The overall recovery of 32 P radiolabeled DNA probe-1 was 18-25% as determined by Cherenkov counting. Typically, three cycles of the above binding reactions were performed before the precipitated DNA was ligated to BamVR digested, calf intestinal phosphatase treated, pUC19 plasmid DNA for transformation into Ecoli strain DH5aF.
Plasmids harboring yeast Datlp binding sites were identified by their ability to act as specific competitors in a band-shift assay. Unlabeled, linearized plasmid DNA (10-100 ng, purified from single colonies) was added to 25 u.1 binding reactions containing 1 x 10" 8 M D-90, -1000 dpm (10-100 pg) 32 P-radiolabeled DNA probe-1, and 200 ng E.coli competitor DNA in binding buffer (10 mM Tris-HCl, pH 7.5, 70 mM NaCl, 1 mM EDTA, 2% sucrose, 0.1% Triton X-100, and 10 mM 2-mercaptoethanol). Those plasmids whose inclusion reduced more than 90% of binding activity to DNA probe-1 were sequenced using the dideoxynucleotide chain-termination method (United States Biochemical, Sequenase Kit V2.0).
RESULTS
Production of the Datlp DNA binding domain in E.coli
The plasmid pD90 which directs the expression of the 90 N-terminal residues (D-90) was used to produce the Datlp DNA binding domain in E.coli. Expression of D-90 was chosen for the following reasons: (i) it specifically bound to A • T tracts with high affinity, K$ = 3 x 10"'" M (1), (ii) it was more resistant to degradation by bacterial proteases than all of the longer and the shorter Datlp derivatives tested, (iii) its DNA binding activity was unaffected by heat (boiling) and chemical (guanidine HC1) treatment (see below), and (iv) unlike the longer derivatives (including full length Datlp) it was highly soluble in physiologic salt and pH conditions. Two purification schemes were used for the purification of D-90. Method 1 was identical to that developed for the purification of Datlp from yeast and utilizes phosphocellulose, an A-T affinity matrix, and Mono S FPLC ion exchange chromatography (1, 20) . While method 1 yielded D-90 of high purity, it was labor intensive, particularly for preparation of relatively large amounts of material, and required a specialized affinity matrix. Method 2, described in this report, took advantage of D-90's resistance to boiling, its solubility properties in ammonium sulfate, and a single ion exchange resin to achieve protein whose purity and specific binding activity was indistinguishable from D-90 purified by method 1. The purification of D-90 by method 2 is shown in Figure 1 . This method routinely yielded D-90 that was at least 90% pure as judged by densitometric tracings of Coomassie stained electrophoretograms (Fig. IB) .
In addition to the purified 90 residue peptide a series of smaller Datlp degradation products were resolved in the final Mono-S purification step (Fig. 1 A, lanes 11-13) . These chromatographically resolved proteolytic products were also shown to bind A • T DNA specifically. Datlp proteolytic fragment/DNA probe complexes migrated at distinct positions with smaller degradation products forming complexes that migrated more rapidly than those formed by larger peptides (Fig. 1 and data not shown) . The ability of small Datlp derived peptides to specifically bind to A-T tracts is consistent with our previous demonstration that the N-terminal 36 Datlp residues are sufficient for high affinity sequence-specific DNA binding (1).
The minima] A • T tract recognized by Datlp is 10 bp
The minimal A-T tract required for Datlp binding was measured by testing the binding of D-90 (from E.coli lysates) to 32 P radiolabeled duplex oligonucleotides with 9, 10, 11, 12 and 13 nonalternating A • T bp flanked by 3 bp G/C-rich clamps (referred to as duplexes A9-A13 respectively, see Fig. 2 ). D-90 bound with high affinity to the An, A12 and A13 duplexes and less tightly to the A10 duplex. Quantitation of the amount of radiolabeled duplex probe bound by D-90 showed that 5-fold less A10 duplex was bound compared to the A| 1-A13 duplexes (see Table 2 ). Binding of D-90 to the A9 duplex was undetectable even at 10-fold overexposure of the autoradiogram shown in Figure 2 
Datlp binding sites in the yeast genome
In order to isolate representative yeast genomic DNA sequences that interact with Datl p we made use of antisera raised against a synthetic peptide corresponding to Datlp residues 42-61 (sera 159). Sera 159 specifically recognized Datlp expressed in both yeast and E.coli (1) . In addition, sera 159 specifically interacted with the D-90/AT DNA complex since its inclusion in DNA binding assays retarded the electrophoretic migration of the peptide-DNA complex (Fig. 3) . This interaction was exploited in order to purify genomic Datlp binding sites. D-90 was incubated with total genomic DNA which had been digested with Sau3Al. Sera 159 was added, followed by the addition of protein A-sepharose. The complexes were pelleted, bound DNA was eluted with 1 M NaCl, and subjected to two more cycles of D-90/antisera selection. The purified DNA was subsequently cloned into a plasmid vector (see Materials and Methods). 32 P radiolabeled DNA probe-1 was included to monitor specific DNA-protein interactions and in control experiments was used to determine the appropriate concentrations of D-90 and genomic DNA in order to achieve a high degree of specific interaction. The cloned DNA fragments were subsequently tested for their ability to specifically compete for binding of D-90 to DNA probe-1. In control experiments, 1 of 25 randomly cloned Sau3AI fragments were able to specifically compete for binding. However, 20 of 52 DNA fragments isolated^uid cloned through the above strategy were able to specifically compete for binding of Dat 1 p to the DNA probe. Thus, this method represents a relatively rapid and efficacious method for generating libraries of Datlp binding sites.
The complete nucleotide sequences of 11 yeast chromosomal fragments that specifically interacted with Datlp were determined. Seven of the 11 sequences contained A • T tracts between 10 and 27 bp in length, conforming to the requirements for Datlp binding described above. The other four sequences contained A • T tracts longer than 10 bp that harbored single base A or T interruptions of the homopolymeric stretch (Table 3) . Clone 6, which contained the sequence A5TA5TA5 bound to Datlp with an affinity that was indistinguishable from that of DNA probe-1. Additionally, hydroxyl-radical footprinting experiments showed that Datlp bound directly to this sequence (data not shown).
A series of A • T-tract oligonucleotide duplexes containing single base pair interruptions were prepared and tested for binding to D-90 in order to confirm and extend the characterization of interrupted Datlp binding sites (see Experimental Procedures). Interrupting the 11 bp A-T tract in duplex-An (Table 2) by switching the central A • T base pair to a T • A, a G • C or a C • G (to yield duplexes A5TA5, A5GA5, or A5CA5) had no detectable effect on the affinity towards D-90 or on its relative specificity for binding as measured by the amount of nonspecific E.coli DNA required to compete for binding (see Experimental Procedures). Interrrupting the 10 bp A • T tract in duplex-A|o by switching either the third or the fifth A • T bp to T • A yielding duplexes A2TA7, or A4TA5 respectively, reduced binding affinity towards D-90 by -10-fold. This reduction in apparent binding affinity was accompanied by an approximate -10-fold reduction in specificity since roughly -10-fold less nonspecific E.coli DNA was required to compete 50% of binding compared to the uninterrupted A10 duplex. Thus, the affinity of D-90 towards the interrupted AJ0 duplex was -50-fold lower than its afffinity towards the interrupted An duplex (see Table 2 ).
The Datlp DNA binding domain can function as a monomer
Mixtures of D-90 and a smaller FPLC purified A • T DNA binding peptide ( Fig. 1 A, lane 13) were denatured using heat or guanidine HC1, renatured by cooling or dilution of the denaturant, and subsequently challenged for binding to DNA probe-1. This mixture generated two complexes with DNA whose electrophoretic mobilities were indistinguishable from those observed when the peptides were analyzed separately (Fig. 4) . Complexes of intermediate mobility were not detected, indicating that heteromultimers were not formed. This data suggests that the Dat lp DNA binding domain can interact with A • T DNA as a monomer.
Minor groove functional groups of A • T DNA are not sufficient for high affinity binding
We have previously shown that Datlp recognizes A-T tracts through die minor groove (1) . To determine if the minor groove of A-T DNA is sufficient for Datlp recognition, we assessed whether the interaction of Datlp with DNA probe-1 could be competed for by oligo(I)-oligo(C) DNA, which has the same minor groove constituents as A • T DNA. Binding reactions were carried out in the presence of increasing amounts of either alternating poly(AT) • (AT), homopolymeric (A) • (T), or homopolymeric (I) • (C) DNA (Fig. 5) . As expected, the alternating polymer was a poor competitor for D-90 binding with binding activity being unaffected at > 100-fold molar excess over the DNA probe. In contrast, the non-alternating homopolymeric A • T L l 8 10 11 The maximum distance that could separate the most N-terminal pentad arginine from the most C-terminal pentad arginine, if the intervening 18 peptide bonds are in a completely extended beta conformation, is -65 A. If it is assumed that pentad arginines contact the minor groove adjacent to the first and last base pair of the minimal binding site and that the DNA binding domain functions as a monomer, then it follows that the DNA binding domain must form an extended structure. The relative dimensions of the DNA and peptide suggest that it is possible that the Datlp peptide backbone adopts a conformation which allows it to lie in juxtaposition to the minor groove path. It is also possible that the Datlp DNA binding domain is extended when not complexed with DNA. It follows then that the Datlp DNA binding domain may be permissive for sequence-specific binding in that it allows the arginine residues to interact specifically with the A-T minor groove as opposed to rigidly positioning the arginine side chains for the interaction. A prediction of this induced-fit model is that a subset of possible conformations should predominate when it is complexed to its cognate DNA site. Datlp's inability to bind poly(I)• poly(C) DNA suggests that it cannot accommodate the minor groove dictated by this homopolymer and that the characteristic three dimensional structure of A • T DNA is critical for high affinity binding.
The oligonucleotide binding experiments and the characterization of genomic Datlp binding sites allowed us to define the DNA sequence requirements for Datlp binding. We propose that Datlp specifically interacts with any 11 bp sequence which contains at least 10 bp that define an A • T tract. Single G • C, C • G or T • A interruptions in 11 bp A • T tracts have no discernible effect on Dat 1 p binding, while the same interruptions in 10 bp A • T tracts substantially reduce binding. We suggest that there are 11 different minimal binding sites which can be represented by the following series; XAjn, AXA9, A2XA8,...AK)X (where X represents any base). Datlp's tolerance of different single base interruptions within its DNA binding site (see Table 2 
